(From the Department of Pathology of the Johns Hopkins University, Baltimore.) ( Received for publication, June 6, 1917 .)
The clue which led to the present investigation was the discovery t h a t when a Locke's solution containing dextrose was perfused through the pancreas of a dog, there was a distinct diminution in the optical rotation of the perfusate but no change in its reducing properties. This result, which I had not anticipated, seemed of interest, for it would indicate t h a t the perfused pancreas exerts an independent effect on dextrose, a fact which had not been evident from the reducing properties alone. The following experiments were carried out in an a t t e m p t to analyze the nature of this effect and to study further the general problem of the interrelation between the heart and pancreas in sugar metabolism with especial relation to their specific action, separately and combined, on dextrose and levulose. The results have been definite and have led to a tentative hypothesis which at present seems best suited to explain the facts that have been obtained.
In the previous investigation (1) it was found when a pancreas was perfused aseptically with Locke's solutions containing physiological concentrations of dextrose that, while there was no change in the reducing properties of the perfusate, yet the pancreas supplied something to the perfusate which subsequently brought about a utilization of sugar by the living heart to an extent that did not occur with the heart alone. This pancreatic substance, as far as could be determined, possessed the characteristics of an enzyme. It was inactivated by boiling; it acted in small amounts; it was unstable, rapidly becoming inactive on standing; it caused a great acceleration in the rate of a reaction which otherwise proceeded slowly, and the rate of reaction diminished as the reaction proceeded. The living heart in the presence of this pancreatic factor was responsible for two effects: first, a change of the sugar to a non-reducing form that yielded again a simple sugar on hydrolysis or by simply standing with a preservative at 37°C. for 24 hours; second, a disappearance of sugar which was probably due to its destruction by hydrolysis or oxidation. 721
Methods.
Briefly outlined, the methods of approaching the problems in the present work were by perfusing the living heart and pancreas with oxygenated Locke's solutions containing dextrose and levulose. With these factors, the actual combinations which were used are given below: With these tissue and sugar combinations, the original Locke's solutions were compared with the final perfusates, both before and after hydrolysis, as to their optical rotation, reducing power, and, in a number of experiments, the melting points of the osazones.
Perfusions.--The same method of isolated perfusion and Locke's solutions of the same composition were used as in the former experiments (1) , and the same aseptic technique and standard of asepsis were rigidly maintained. No heart perfusion was considered in this series where the heart did not continue to beat actively over the period of perfusion. The bacterial counts given in the tables show that exclusion of bacteria was even more successful than formerly.
Sugars.--The sugars were dextrose (Kahlbaum, pure) and levulose (Kahlbaum, pure, from inulin). In a few of the early experiments, Schering's crystalline powdered levulose was used, but as it showed no difference in its action from the Kahlbaum levulose which was subsequently obtained, the experiments are included. The sugar in each experiment was dissolved and boiled for at least 10 minutes before adding it to the Locke's solution, to eliminate any phenomenon of mutarotation. With an occasional exception the concentrations of sugar in the original Locke's solutions were from 0.3 to 0.4 per cent.
Sugar Determinations.--The quantitative sugar determinations were made both by the colorimetric method of Lewis and Benedict (2) and with the polariscope. The preliminary procedure was as follows: 50 cc. each of the original Locke's solutions and of the perfusates were measured in volumetric flasks and each portion was added to 1 gm. of trichloracetic acid carefully weighed from the same stock bottle. This amount of reagent gave a complete precipitation of whatever protein was present in the perfusates, and on filtration yielded a clear fluid. To each filtrate sufficient concentrated hydrochloric acid was added to give the desired per cent of acidity. As far as could be ascertained, a hydrolytic effect was obtained with dextrose solutions when either 1 per cent or 0.5 per cent hydrochloric acid was used, while with levulose 0.5 per cent hydrochloric acid could not be exceeded without sugar destruction. From these acidified specimens samples were immediately taken for sugar determination. The samples taken for the polariscope were returned and the solutions placed in a boiling water bath for an hour with reflux condensers. At the end of this time they were cooled and specimens were again removed for determinations of optical rotation and reduction. In each experiment the amount of reducing sugar was based on the polariscopic determination of the original Locke's solution. By this procedure the reducing sugar and optical rotation were measured before and after hydrolysis in the original Locke's solution and in the perfusates under constant conditions of volume and acidity.
The possibility was suggested at first that in precipitating the protein a portion of the sugar might be carried down. In control experiments, however, as shown in the tables, this did not occur. In these controls even with the precipitation of a relatively large amount of protein the filtrate did not appreciably vary from the original Locke's solution, either in rotation or in reduction. The addition of trichloracetic acid and hydrochloric acid increased the volume of fluid slightly and so diminished the sugar per cent. However, since this increase in volume is constant for all samples, the significance of comparative determinations remained unchanged.
The polariscopic determinations were made with a Schmidt and Haensch polariscope which gives a direct reading to the hundredth of a degree. In each experiment all readings were made in a 4 dm. tube under constant temperature conditions, and the final reading was taken as the average of five successive determinations not varying over 0.02 °. This gave results'which could be compared with a fair degree of accuracy to the third decimal place. The specific r o t a t i o n of d e x t r o s e w a s t a k e n as + 5 2 . 5 ° , a n d of l e v u l o s e a s -9 1 ° .
T h e c o n t r o l s g a v e a f i n a l c h e c k o n t h e a c c u r a c y of t h e r e s u l t s . Controls.--The following controls were used: (a) In each experiment a sample of the original Locke's solution was subjected to the same procedure as the perfusate except for the actual circulation through the tissues. In this respect only the sample of Locke's solution differed from the perfusate. This gave a fair basis for comparing the Locke's solutions and the perfusates.
(b) In a tlumber of those experiments 'in which the pancreas was perfused alone, the unperfused splenic portion was macerated and ground aseptically with sand and about the same relative amount of Locke's solution as was perfused through the main portion of the pancreas. This controlled the question whether an extract of the pancreas is similar in its effect to a perfusate.
(c) As enzyme action in general is sensitive to hydrogen ion concentration, the reactions of the Locke's solutions and perfusates were measured, in the majority of experiments, by the colorimetric method of Levy, Rowntree, and Marriott (3). In Table I are given examples of the variations which occurred. While there was a certain variation both before and after removal of carbon dioxide, yet this variation was practically within the normal body limits and no effects were obtained which would indicate that a relation existed between flae reaction of the perfusate and the experimental results.
(d) In Table II are given the results of nine experiments which show that when specimens of Locke's solution similar to those used in the perfusion experiments were incubated or perfused in the apparatus for varying periods of time, there is no essential variation in the optical rotation when either dextrose, levulose, or a mixture of the two is present. In the nine experiments with an average duration of 7.5 hours there was a maximum change in the rotation of 0.014 ° and a minimum change of 0.000% The average change was an increased positive rotation of 0.0016 ° . These measurements were made in the 4 din. tube used throughout this work.
RESULTS.

Pancreas P erf usions.
Eleven experiments were carried out in which a pancreas was perfused with an oxygenated Locke's solution containing dextrose. The final perfusates consistently showed a diminished optical rotation as compared with the Locke's solutions, but no change in the amount of reduction. The perfusates in four experiments were then hydrolyzed with the consistent result, also, that there was a partial restoration of the rotation to the original level, but no change in the reducing properties. These changes were considerably greater than any possible error in the pol~/riscopic or reducing methods, and were controlled not only by the samples of Locke's solution subjected to an analogous procedure, but also, in five experiments, by the effect of extracts of a portion of the same pancreas on the same original Locke's solution. The results are summarized in Table III and charted in Text- fig. 1 . In Text- fig. 2 an experiment is given in which successive readings were made showing the curve of diminution in the optical rotation of a perfusate containing approximately 0.4 per cent of dextrose.
The question then arose: Was this phenomenon dependent upon a direct contact of the dextrose with the pancreatic tissue? Former experiments had shown that the rapid utilization of dextrose by the heart took place if dextrose was merely added to a pancreatic perfusate before being fed to the heart. In the three experiments shown in Table III and Text- fig. 1 , the pancreas was first perfused with a Locke's solution containing no dextrose, and then dextrose was added to the perfusate and the solution allowed to incubate. As illustrated in Text- fig. 1 , the change in rotation per unit of time was almost identical with the change which occurs when the pancreas is directly perfused with dextrose. This would indicate, therefore, that direct contact between the dextrose and pancreatic tissue is not necessary but that the change can be brought about by some substance washed out of the perfused gland.
Is this effect specific for dextrose in any way analogous to the specificity of most enzyme actions? Levulose was selected as a sugar for comparison. In six experiments, as shown in Table III and Text- fig. 1 , the pancreas was perfused for an average period of 3 hours. In no experiment was there the least detectable change in the optical rotation or reducing properties of the sugar beyond the limits of experimental error. Hydrolysis of the final perfusates gave practically no change in the optical rotation or reduction. In four experiments, also, a pancreatic extract showed no effect. It seemed evident, therefore, that the action of the pancreas is specific for dextrose.
A further method for testing this specificity suggested itself. If a Locke's solution containing dextrose and levulose is used, there is a certain initial balance of rotation between the two sugars. If the effect of the pancreas is specific in diminishing the positive rotation of a dextrose solution, then, by selecting the dextrose from a mixture of the two sugars, there should be a shifting of the balance toward the negative side. This is what occurred in six experiments which were successfully carried out. The negative rotation was always Table III representing forty-one experiments. The chart shows that when the pancreas was perfused with a Locke's solution containing dextrose there was no change in the reducing properties of the perfusate but a distinct diminution in the optical rotation. This also occurred if dextrose was added to a sugarless perfusate after removal of the pancreas from the apparatus. A mixture of dextrose and levulose perfused through the pancreas gave an increased negative rotation indicating a diminution of the dextrose effect. On hydrolysis of these perfusates there was a partial restoration of the optical rotation. These changes did not occur if the pancreas was perfused with levulose nor did a fresh pancreatic extract have a similar effect on either sugar. 730 increased as shown in Table III These experiments were controlled by the action of pancreas extracts and by four experiments in which the spleen was perfused with a Locke's solution containing dextrose and levulose. In neither case was there any change, either in the optical rotation or in the reducing properties. With mixtures of dextrose and levulose, the conclusion would seem to be that the pancreas has a specific action on dextrose, an action which is not given by the perfused spleen, or by a pancreatic extract. Table IV . The final perfusates from twelve experiments of different types were hydrolyzed and the reducing properties and optical rotations of the perfusates determined before and after hydrolysis. The percentage increase or decrease in sugar by these two independent methods is represented in this chart. The tissue and sugar combinations are indicated to the right. Correction is made for the previous independent effect of the pancreas on dextrose.
The experiments show the specificity of the heart-pancreas combination in condensing dextrose to a non-reducing substance with an optical rotation less than that of dextrose. This does not occur with the heart alone when perfused with dextrose or with any combination of the heart and pancreas with levulose.
The results of the twelve perfusions which were carried out are summarized in Table IV and shown graphically in Text- fig. 3 . In these experiments the reducing properties and optical rotations of the final perfusates were determined before and after hydrolysis. If the optical rotation of a perfusate were altered by hydrolysis it would indicate that some new substance had been formed and whether the optical rotation of this substance were greater or less than the original sugar. A change in the optical rotation and an increase in the amount of reduction on hydrolysis would show that this substance had probably undergone a dissociative change.
The experiments clearly indicate that it is only with the heartpancreas combinations that dextrose is transformed to a non-reducing substance which has an optical rotation less than that of dextrose. This transformation did not occur when the heart was perfused alone with dextrose nor did it occur with any combination of the heart and pancreas with levulose.
A clear demonstration of this specific action of the pancreas and heart on dextrose was shown in the twelve experiments given in Table V and Text- fig. 4 . In these experiments the pancreas, the spleen, or the kidneys were first perfused, and their perfusates compared in their ability to enable the heart to select dextrose from a mixture of dextrose and levulose. A displacement of the balance in optical rotation of a perfusate containing approximately equal parts of these sugars would demonstrate which sugar had been changed or used most rapidly. Hydrolysis of the final perfusates would, further, indicate, by the extent to which the optical rotation was restored, the amount of change which had taken place.
The results of these experiments were definite. When the heart was perfused alone with a Locke's solution containing dextrose and levulose, there was a distinct utilization of the sugars as shown by the change in reduction. The optical rotations of the final perfusates, however, either were unchanged or were slightly increased on the negative side. This gave definite proof that both sugars had been used either in approximately equal amounts or that there had been a slightly greater utilization of dextrose over levulose. If the spleen was first perfused and the perfusate subsequently passed through the heart, the selective action of the heart for dextrose was practically the same as with the heart alone. Finally, the kidneys were perfused and gave a certain removal of levulose but subsequent perfusion of the fluid through the heart gave a shift in the optical rotation which, once more, was only slightly greater than with the heart alone.
Experiments on the Specificity of the Pancreas in Enabling the Heart to Select
Dextrose from a Mixture of Dextrose and Levulose. 4 Optical rotation with 4 din. tube.
Locke's solution.
Final perfusate. * Corrected for rbtation due to pancreas, kidneys, or spleen alone.
In contrast to these experiments were those in which the pancreas was first perfused and the perfusate subsequently circulated through the heart. Instead of an optical rotation which varied either not at all or only moderately from an equilibrium between the two sugars, there was a striking shift to the left even after correcting for the preliminary effect of the pancreas. Hydrolysis of the final perfusate, also, diminished the negative rotation to some extent, while Table V . Twelve experiments in which the spleen, kidneys, and pancreas were first perfused and their perfusates compared in their ability to enable the heart to select dextrose from a mixture of dextrose and levulose. Displacement of the balance in optical rotation of a perfusate containing equal parts of these sugars would indicate which sugar had been changed or used most rapidly, while hydrolysis of the final perfusates would indicate, by the extent to which the optical rotation was restored, the amount of condensation and of utilization. Correction was made in each experiment for any preliminary effect of the spleen, kidneys, or pancreas.
The experiments indicate that the heart, or the heart plus spleen or plus kidneys over a 4 hour period of perfusion, uses relatively a little more dextrose than levulose. When, however, the heart and pancreas are combined the relative utilization of dextrose by the heart is greatly increased and subsequent hydrolysis of the perfusates restores the optical rotation to some extent, which does not occur when the spleen or kidneys are combined with the heart.
in the previous experiments where the heart had been perfused alone or with the kidneys or spleen, hydrolysis of the final perfusates had slightly increased the negative rotation.
Osazones.
A further possible method of demonstrating the above changes was available in the melting points of the osazones which could be obtained at different stages in various types of experiments when dextrose was used. The following technique was observed: 10 cc. specimens were taken, both of the original Locke's solution and of the protein-free perfusate. They contained the same reagents and differed in their previous and subsequent treatment only in the actual perfusion. These samples were carefully neutralized with sodium carbonate, then made equally acid with acetic acid. To each specimen were added 1.5 gm. portions of a pulverized mixture of two parts of sodium acetate and one part of phenylhydrazine hydrochloride. As soon as these reagents were dissolved the specimens were filtered into test-tubes and placed in a boiling water bath for an hour. Mter cooling, the osazones were filtered off, washed with distilled water, and recrystallized from alcohol. The melting points were determined in capillary glass tubes by the usual method. Not the point at which the osazones sintered but the actual melting points were taken and the proper thermometer correction was made. Table VI gives the restilts of twenty such determinations. The results show no essential diminution or increase in the melting points of the osazones yielded by the samples of original Locke's solution either before or after hydrolysis. Perfusion of a heart alone did not materially lower the melting points of the osazones obtained. On the other hand, the osazones from the pancreatic and the heartpancreas perfusates gave a distinct lowering of the melting points, while the same perfusates hydrolyzed gave osazones with melting points again approximately similar to those obtained from the LockCs solutions. Thus this osazone effect occurred only under those conditions in which the evidence from the optical rotation indicated a condensation of dextrose.
It is obvious that the osazones obtained in this way would consist of a mixture of glucosazone and the new osazones formed, and that the lowered melting points of the mixtures would be dependent upon the fact that the new osazones had a lowered melting point. The amounts of osazones available were so small relatively that no effort was made to isolate them in order to determine their independent melting points.
The only evidence from the osazones as to any qualitative or quantitative difference between the polymerization taking place in the pancreatic and heart-pancreas perfusions was in the slightly lower melting points of the latter. The general conclusion would seem to be that both the pancreas and the pancreas and heart bring about the formation of a substance or substances which yield osazones with lower melting points than glucosazone.
Bromine Analyses.
A possible method for studying the specificity of the heart and pancreas in their selection of dextrose was available in the property which bromine possesses of destroying dextrose but causing little if any change in levulose. Dextrose could thus be eliminated from a mixture with levulose and the amount of remaining levulose determined with the polariscope. The technique consisted simply in adding an excess of bromine to the acidified, hydrolyzed, proteinfree specimens of fluid in glass-stoppered bottles, and, after thorough shaking, allowing them to stand for 7 days at 37°C. By using the hydrolyzed specimens the factor of any preliminary condensation was eliminated. All experiments were controlled by duplicate samples of the original Locke's solutions which had passed through an analo-gous procedure. The bromine was removed by bubbling air through the fluids. Polariscopic readings then showed approximately the amounts of levulose which had been present in the original mixtures. The results of eleven experiments are collected in Table VII and the significant findings illustrated in Text- fig. 5 . The first six experiments show that, by the method used, with dextrose alone there was always a small residue of positive rotation. In two experiments when a mixture of dextrose and levulose of approximately This meant, in the two experiments conducted, that a certain proportion of levulose had been used by the heart. When, however, a pancreas perfusate with the same composition was fed to a heart, the amount of levulose was essentially undiminished, though the utilization of sugar had occurred to the usual extent. The utilization of sugar, therefore, when the heart and pancreas were combined, must have been from the dextrose portion of the mixture. These results agree with the previous findings that the heart and pancreas have a specific action on dextrose. The following explanation seems to be most consistent with these facts and with those brought out in m y previous work. The pancreas supplies to a perfusate some enzyme or enzymes which have a specific action on dextrose as compared with levulose, changing a certain portion of the dextrose to a simple form of polysaccharide. This polysaccharide has both a lower optical rotation and a lower melting point of its osazone than dextrose. I should regard this sugar complex as either relatively unstable, being hydrolyzed during the reduction determination, or as having the same reducing properties as dextrose. When, however, the pancreatic perfusate is circulated through a living heart the optical rotation not only continues to diminish but a new change occurs. The reducing properties of the perfusate are now altered. Thus the effect of the heart seems to be the production of a change additional to that caused by the pancreas. The most probable explanation would seem to be a further polymerization of the sugar in the presence of the living heart to a more stable form with a diminished power of reduction. Neither of these apparent syntheses is brought about by an extract of the ground pancreas, by the perfusion of the spleen, the kidneys, or the heart alone, or by a combined perfusion of the pancreas and heart with levulose. As to the nature of these probable polysaccharides formed from dextrose, nothing definite can be stated, but the facts described tend to eliminate certain known sugars from consideration. Thus, because the optical rotations of the perfusates are diminished, maltose, isomaltose, saccharose, and glycogen cannot be considered, for each gives a greater positive rotation than dextrose. Lactose is also eliminated, for its rotation is identical with that of dextrose.
The supposition that synthetic changes are brought about by the pancreas or by the combined influence of the heart and pancreas, is in accord with numerous examples of the synthetic actions of enzymes which have been experimentally demonstrated by other observers. Thus, Hill (4) showed that maltase could synthesize a certain proportion of dextrose to what he thought was maltose. Lombroso (5) brought about a synthesis of fats by the action of pancreatic lipase. Taylor (6) obtained a protamine from its cleavage products by the action of trypsin. In my experiments some such synthetic action seems to be a more likely explanation of the results and one better in accord with our general knowledge of enzymes and sugars than the alternative suggestion of some essential change in the configuration of the dextrose molecule. The facts that osazones with lower melting points are obtained, and that the optical rotations of the perfusates and the melting points of the osazones can be reestablished to some extent by hydrolysis with weak acid, would be strong evidence that synthesis had occurred.
In this connection it is suggestive to note that the presence of more complex sugars than dextrose has been apparently demonstrated both in the blood and body tissues by various workers. Thus Pavy (7) and L6pine (8) by hydrolyzing blood increased its reducing properties. In a recent publication Palmer (9) has clearly shown that extracts of heart or skeletal muscle give a similar increase of reduction on hydrolysis. Again, a number of workers have obtained osazones with lower melting points than glucosazone from blood and muscle extracts. Panormoff (10) secured an osazone with a low melting point from extracts of dog muscle. From the blood Pavy and Siau (11) obtained an osazone which melted at 153°C., and suggested its identity with Fischer's "isomaltose." Osborne and Zobel (12) by more careful work concluded that this substance was maltose. Levene and Meyer (13) , by combining muscle and pancreas extracts in the presence of relatively concentrated solutions of dextrose, isolated a biosazone which melted at about 200°C. The possible association of these facts with the present work is of interest.
The evidence previously advanced for the enzyme character of the substance obtained from the perfused pancreas is corroborated further in these experiments by the specificity of its action on dextrose as compared to levulose, and by the fact that the changes do not proceed to completion. Within recent years the specificity of enzyme action has received m a n y proofs and in general it has been found that when an enzyme action is selective between two simple sugars, the selection is dependent upon the configuration of the sugar molecule rather than upon the presence of ketone or aldehyde radicals. It would seem possible that the selective action of the pancreas for the normal body sugar, dextrose, as compared to levulose also depends upon the molecular configuration rather than upon the fact that dextrose is an aldehyde and levulose a ketone sugar.
From the experiments here reported, it cannot be determined whether the specific sensitization of the heart for dextrose is dependent merely upon the preliminary change in the sugar produced by the pancreas. It seems probable that the action of the pancreatic enzyme does not cease with a simple polymerization but that it initiates a number of changes, the subsequent steps of which are dependent upon the interrelation of the enzyme with the living heart. As far as the heart alone is concerned there is a similarity in its action to that of an eviscerated diabetic animal as described by Macleod and Pearce (14) . In both there is a certain apparent utilization of dextrose, but for the isolated heart, at least, this utilization is non-specific, for it occurs almost equally well with levulose. In both, however, there is a certain fundamental incompleteness in the power to utilize sugar. With the heart, by supplying a pancreatic perfusate, a highly specific relation is established between it and the circulating dextrose which not only causes an immediate and rapid utilization of dextrose but also brings dbout a certain condensation of dextrose which can be initiated by the pancreas alone. This specific interrelation of the pancreas and heart to dextrose suggests that in normal sugar metabolism this pancreatic enzyme, or enzymes, may be necessary; that certain stages of synthesis and polymerization may be of importance as intermediate steps in carbohydrate utilization; and that when there is an insufficiency of the pancreatic function, though the body tissues are supplied with an abundance of dextrose which can be burned to a certain extent, yet the essential steps by which dextrose is prepared for normal utilization cannot take place.
SUMMARY.
When the pancreas of a dog is perfused aseptically with a Locke's solution containing dextrose in physiological concentrations, the optical rotation of the perfusate is diminished, but its reducing power is unaltered. This change also occurs if dextrose is added to a sugarfree pancreatic perfusate and the mixture incubated. These perfusates yield osazones with lower melting points than glucosazone, but when the perfusates are hydrolyzed with weak acid their optical rotations and the melting points of their osazones are increased. These changes do not occur with levulose, or with an extract of the pancreas and dextrose. When the heart, spleen, or kidneys are perfused with dextrose solutions hydrolysis of the perfusates does not increase their optical rotation or power of reduction.
When a pancreatic perfusate containing dextrose is circulated through a living heart not only do the above changes take place but, in addition, the reducing properties of the perfusate are altered. Hydrolysis of such a perfusate increases its reducing power, its optical rotation, and the melting point of its osazone. A heart does not cause this effect either alone or when perfused together with the
